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Permeability transition poreMitochondria have retained indispensable but limited genetic information and they import both proteins and
nucleic acids from the cytosol. RNA import is essential for gene expression and regulation, whereas competence
for DNA uptake is likely to contribute to organellar genome dynamics and evolution. Contrary to protein import
mechanisms, the way nucleic acids cross the mitochondrial membranes remains poorly understood. Using
proteomic, genetic and biochemical approaches with both plant and yeast organelles, we develop here a
model for DNA uptake into mitochondria. The ﬁrst step includes the voltage-dependent anion channel and an
outer membrane-located precursor fraction of a protein normally located in the inner membrane. To proceed,
the DNA is then potentially recruited in the intermembrane space by an accessible subunit of one of the
respiratory chain complexes. Final translocation through the inner membrane remains the most versatile but
points to the components considered to make the mitochondrial permeability transition pore. Depending on
the size, DNA and RNA cooperate or compete for mitochondrial uptake, which shows that they share import
mechanisms. On the other hand, our results imply the existence of more than one route for nucleic acid
translocation into mitochondria.
© 2015 Elsevier B.V. All rights reserved.1. Introduction
Mitochondria have retained their own genetic system but in many
organisms their genome does not encode a complete set of transfer
RNAs (tRNAs), so that they take up nuclear-encoded tRNAs from the
cytosol. Originally proposed in the 1960s for Tetrahymena pyriformis
[1], this biological process has been progressively extended to most
eukaryotic lineages [2–4]. The imported species account for one up to
all mitochondrial tRNAs, depending on the organism. On the other
hand, mitochondria in mammalian cells take up nuclear-encoded 5S
ribosomal RNA (rRNA) [5] and RNase P/RNase MRP RNA [6], although
the role of such RNAs in the organelles is still a matter of debate.
Moreover, recent studies in mammals implied the outsourcing of
speciﬁc nuclear-encoded microRNAs (miRNAs) into the mitochondria,
presumably for speciﬁc regulation pathways ([7,8], reviewed in [9]).
Mitochondria also take up DNA. The seminal studies with plant
mitochondria [10] were extended to mammalian [11] and Saccharomy-
ces cerevisiae [12] organelles. Exogenous DNA imported into isolated
mitochondria functionally reaches the nucleoids and joins the organelle
DNA metabolism, as it can be transcribed [10,11] or repaired [13,14] in
organello. Appropriate constructs can also recombine with the residentmtDNA [15]. DNA trafﬁcking might account for paternal inheritance of
speciﬁc mitochondrial plasmids in plants [16] and contribute to genetic
ﬂuxes, organelle DNA maintenance and expansion, or pathogenic
DNA-induced mitoptosis [10,17].
The data altogether imply that, as the uptake of nuclear-encoded
proteins, trafﬁcking of nucleic acids is a major mitochondrial process.
Deciphering the underlying mechanisms is a difﬁcult task, as these
defy the common view on membrane properties. The answers are
expected to highlight unprecedented functionalities and open new
ways to master the mitochondrial genetic system. Nevertheless, the
challenge of understanding which channel(s) and which driving
force(s) can mediate the translocation of nucleic acids of over 11 kb
[16] into mitochondria remains mostly intact. The mechanisms
underlying organellar uptake of speciﬁc RNAs have been the subject of
extensive and sometimes controversial research [4,18,19].Weproposed
earlier the yeast S. cerevisiae as a powerful genetic model to investigate
the protein partners involved in mitochondrial DNA uptake [12]. To-
gether with relevant biochemical data, the strategy enabled to establish
that the ß-barrel integral membrane protein VDAC (voltage-dependent
anion channel) is a major player in DNA translocation through the
mitochondrial outer membrane [12]. The VDAC is also required for
tRNA uptake into plant [20] but not trypanosomatid [21] organelles.
Direct data on nucleic acid translocation through the tight and polarized
organellar innermembrane are scarce [2–4,22]. The regular pre-protein
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Lys(CUU) into yeast mitochondria [23] and 5S rRNA into human
organelles [24]. An inner membrane “RNA import complex” (RIC) was
isolated from Leishmania tropica mitochondria [25] but remained a
subject of controversy [4,26] and raised an editorial expression of
concern [27]. In mammalian mitochondria, the polynucleotide
phosphorylase (PNPASE) enzyme may function as an RNA receptor in
the intermembrane space [6]. We identiﬁed a possible involvement of
the adenine nucleotide translocator (ANT) in the uptake of DNA
through the mitochondrial inner membrane in plants [10]. As a whole,
there has been little progress over several decades of investigation in
the understanding of these transport processes.
In the present studies, we used proteomic, biochemical and genetic
approaches with both plant and yeast organelles to deepen the investi-
gation of themechanisms of nucleic acid uptake intomitochondria, tak-
ing mainly DNA of different sizes as a substrate. Proteomic approaches
based on DNA-mediated masking of mitochondrial proteins identiﬁed
putative partners of the VDAC in the transport through the mitochon-
drial outer membrane. Their functional involvement was conﬁrmed by
genetic analysis. Moreover, the strategy revealed a novel import factor
likely to recruit the substrate in the intermembrane space of plant
mitochondria. Further special attention was given to the members of
the mitochondrial carrier family [28,29] as potential mediators of
nucleic acid translocation across the inner membrane. A differential
functional involvement of nucleotide carriers in DNA import was
established between plant and yeast mitochondria. Further assays
with S. cerevisiae organelles highlighted the importance of membrane
proteins that control mitochondrial dynamics and organization.
Introduction of tRNA transcripts into DNA import assays pointed to
the interplay between DNA and RNA transport. On the other hand, our
results imply that several alternative pathways co-exist in a given
organism for nucleic acid transport into mitochondria, especially to
account for the import of small or large nucleic acids.
2. Materials and methods
2.1. S. cerevisiae strains
TheW303 [30], JLY-73 [31] and JL-1-3 [32] strains were provided by
L. Sabova (Cancer Research Institute, Bratislava, Slovakia). The Δmir1
and Δpic2 single mutants, as well as the Δmir1/Δpic2 double mutant
[33] were provided by G. Dujardin (Centre de Génétique Moléculaire,
Gif-sur-Yvette, France). The WΔM strain [24] was provided by I.
Tarassov (CNRS–University of Strasbourg, France). The Y10000,
Y17227, Y11398, Y10246, Y23332, Y13896, Y11458, Y14229, Y15606,
Y13370 and Y17559 strains were purchased from the Euroscarf
collection (Institute of Molecular Biosciences, Johann Wolfgang
Goethe-University, Frankfurt, Germany) [34]. S. cerevisiae strains were
usually grown aerobically in 2% (w/v) galactose medium.
2.2. Arabidopsis thaliana cell culture
A. thaliana cell suspensions, ecotype Columbia, line T87-C33 [35]
were dark grown at 24 °C in Gamborg B5 medium (Duchefa) supple-
mented with 2% (w/v) sucrose and 1 mg/L 2.4 D, ﬁnal pH 5.7. Cultures
were transferred to fresh medium every week and harvested 5 days
after transfer when preparing mitochondria.
2.3. A. thaliana mutant line
The A. thalianamutant line GABI_753D05 carrying a T-DNA insertion
in the copper ion binding protein gene At2g27730 in the ecotype
Columbia Col-0 background was obtained from the Nottingham
Arabidopsis Stock Centre (UK). The T-DNA insertion was identiﬁed by
PCR using the gene- and T-DNA-speciﬁc primers AtCBP_1 (5′-CTTAGC
GAAGAGGAGAGAGCC-3′), AtCBP_2 (5′-TTCCAAAGTGTCTCACAAGGG-3′) and P-787 (5′-CGCCTATAAATACGACGCATCGTA-3′). The insertion
was shown to be composed of at least two T-DNA copies head to
head. Homozygous plants were selected and self-propagated.
Wild-type Col-0 and mutant A. thaliana plants were grown on soil at
23 °C under a 16 h light/8 h dark photoperiod. For in vitro cultures,
surface-sterilized seeds were sown on agar plates containing MS255
(Duchefa) supplemented with 1% (w/v) sucrose and stratiﬁed at 4 °C
for 3 days to synchronize germination. Plants were subsequently
grown under 16 h light/21 °C and 8 h dark/17 °C conditions. Knockout
of the gene was conﬁrmed by RT-qPCR run with RNA samples isolated
from ﬁve-week-old plants. Total RNA was extracted with TRI-Reagent
(MRC), treated with RNase-free DNase (Promega) and reverse
transcribed with GoScript™ RT (Promega). qPCR was performed in a
LightCycler480, with the SYBR Green I Master Mix (Roche). ACTIN2
(At3g18780) and GAPDH (At1g13440) were taken as reference genes.
2.4. Isolation of mitochondria
Yeast cells were grown at 30 °C in YPGal medium (1% w/v yeast
extract, 2% w/v peptone, 2% w/v galactose, pH 5.5) and mitochondria
were isolated according to Daum et al. [36] and Weber-Lotﬁ et al. [12].
For proteomic analyses, yeast mitochondria were further puriﬁed as
described by Meisinger et al. [37].
Plant mitochondria were isolated from potato (Solanum tuberosum)
tubers or from cauliﬂower (Brassica oleracea) following previously
described methods based on continuous Percoll gradients [10,38]. For
proteomic experiments, A. thaliana mitochondria were puriﬁed from
cell suspensions using discontinuous Percoll gradients as described by
Sakamoto et al. [39]. For mutant studies, mitochondria were extracted
from A. thaliana seedlings grown in vitro on agar plates and harvested
at a four-leaf stage. In that case, organelles were isolated essentially
according to protocols reported by Day et al. [40] and Sweetlove et al.
[41].
Total protein content of ﬁnal mitochondrial suspensions was
estimated using the Bio-Rad DC Protein Assay. When comparing
mitochondria from different strains, protein amounts to be introduced
into import assays were further ﬁne tuned on the basis of the VDAC
content. For this, western blots were prepared, probed with anti-VDAC
antibodies and revealed on ﬁlm with the ECL chemiluminescence kit
(GE Healthcare). Films were scanned and signals quantiﬁed with the
Image Gauge software. If needed, protein amounts were readjusted
and veriﬁed again on a second western blot.
2.5. Respiration assays
For respiration assays, oxygen consumption of isolated mitochon-
dria was measured in an oxygraph chamber (Hansatech) using 10 mM
succinate as a substrate in previously described conditions [38,42].
Respiration control was calculated as the ratio between the oxygen
consumption rate of the mitochondria upon addition of 200 μM ADP
(“active state” or State III) and the rate in the absence of added ADP or
when the added ADP was entirely converted to ATP (“resting state” or
State IV).
2.6. Blue native PAGE and respiratory complex activity
Blue native-PAGE was carried out according to protocols described
by Jänsch et al. [43] and Meyer et al. [44]. A. thaliana mitochondrial
membranes were solubilized for 20 min on ice with 1.5% (w/v)
n-dodecylmaltoside in ACA buffer (750 mM amino dicaproic acid,
50 mM Bis–Tris pH 7.0, 0.5 mM EDTA). S. cerevisiae mitochondrial
complexes were solubilized with 5% (w/v) digitonin in ACA buffer.
Insoluble material was eliminated by centrifugation at 105,000 g for
15 min and the supernatant was supplemented with Serva Blue G at a
ﬁnal concentration of 0.25% (w/v) before loading on gel. After running
for 5 h, the cathode compartment was ﬁlled with buffer deprived of
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To detect Complex I activity in A. thaliana samples, gels were soaked
in 100 mM Tris–HCl, pH 7.4, 0.2 mM NADH, 0.2% (w/v) nitro blue
tetrazolium (NBT) according to Sabar et al. [45]. To reveal Complex III
in S. cerevisiae samples, gels were blotted on nylon membranes
(Immobilon-P, Millipore) that were subsequently soaked in the ECL
Select Western Blotting Detection Reagent (Amersham) and exposed
to X-ray ﬁlms. The detection was based on interaction with the redox
centra in Complex III [46].
2.7. DNA import substrates
The DNA substrate used for most yeast or plant mitochondrial im-
port assays was the 2.3 kb linear plasmid (accession number X13704)
from maize (Zea mays) [47]. It possesses terminal inverted repeats and
was generated as previously with the single primer 5′-AAAAGTATAG
CAACACACAATAC-3′ [10]. The 0.27 kb (269 bp) and 2.7 kb (2732 bp)
DNA fragments that served as substrates for import into mitochondria
from the A. thaliana CuBP mutant and for competition assays with
tRNA transcripts were both ampliﬁed by PCR from the pCK/GFP/PRmt
construct [10]. The latter contains the maize 2.3 kb mitochondrial
plasmid carrying the gfp gene under the promoter of the S. tuberosum
mitochondrial 18S ribosomal RNA. The 0.27 kb fragment corresponded
to part of the gfp gene and was ampliﬁed with the primers 5′-ATGAGT
AAAGGAGAAGAACTTTTCACT-3′ and 5′-CGGGGCATGGCACTCTTGA-3′.
The 2.7 kb fragment encompassed the whole maize 2.3 kb plasmid
(excluding the terminal inverted repeats) with the 18S promoter and
the gfp gene. It was ampliﬁed with the primers 5′-CCAACCACCACATA
CCGAAA-3′ and 5′-ACGCTCTGTAGGATTTGAACC-3′. The 9.7 kb
(9688 bp) DNA fragment that served as substrate for import into
mitochondria from the A. thaliana CuBP mutant corresponded to
nucleotides 2380 to 11,414 of the Brassica rapa mitochondrial DNA
(accession number NC_016125.1) ﬂanked by the 327 nucleotide
terminal inverted repeats from the Bassica napus 11.6 kbmitochondrial
plasmid (accession number AB073400). These sequences were cloned
into a construct that we called pIR11,6/Br9 and were re-ampliﬁed
together with the single primer 5′-AAAATACTACAAACTATAGCTTCA-
3′. All DNA substrates for mitochondrial import were [32P]-radiolabeled
by PCR as described previously [10].
2.8. Mitochondrial import assays
Radiolabeled DNA import assays were run according toWeber-Lotﬁ
et al. [12] and Koulintchenko et al. [10]. For DNA uptake experiments in
the presence of competitor tRNA transcripts, the import buffer was
taken from Delage et al. [48]. Prior to import assays, organelle amounts
were adjusted on the basis of the VDAC content, as established through
Western blot analysis. Generation of mitoplasts after DNA import and
before DNase treatment was as described previously for S. cerevisiae
mitochondria [12] and plant organelles [10]. Import assays were run
at least three times. Graphs display mean values and standard
deviations.
2.9. Proteomic analyses
The principle of the proteomic analyses was to ﬂuorescently label
the proteins of intact mitochondria incubated in import conditions in
the presence or absence of DNA. Fluorescence labeling was performed
with the CyDye™ DIGE ﬂuors minimal dyes (Amersham Biosciences).
These cyanine dyes covalently bind to the amino group of lysines by a
N-hydroxysuccinimide (NHS) ester bond. As the initial patterns we
obtained with different cyanines were not strictly identical, we used
the same cyanine for the assays with or without masking DNA and we
ran the samples on separate 2D gels.
For basic labeling, S. cerevisiae or A. thalianamitochondria (200 μg
protein) were incubated during 30 min at 4 °C in 150 μL of 0.4 Msucrose, 40 mM potassium phosphate (pH 7.0 or pH 7.2 for plant or
yeast organelles, respectively) containing 400 pmol of cyanine. The
labeling reaction was stopped by adding 20 μL of 10 mM lysine and
incubating for further 10 min at 4 °C. The suspension was then loaded
onto a 27% (w/v) sucrose, 10 mM HEPES–KOH pH 7.2 cushion and
centrifuged for 15 min at 16,000 g. The pellet was resuspended in
150 μL of 2D buffer [7 M urea, 2 M thiourea, 4% (w/v) CHAPS, 20 mM
DTT, 0.2% (w/v) Bio-Lyte pH 3/10] and submitted to two-dimensional
gel electrophoresis. To analyze DNA-mediated masking of proteins,
mitochondria were preincubated in import buffer for 30 min at 25 °C
in the absence or presence of a 114 bp DNA fragment (Supplementary
Fig. S1) at 1 μM prior to cyanine labeling. After labeling and cyanine
quenching with lysine, 50 μg of DNase I and MgCl2 up to 20 mM were
added to the medium and the incubation was continued for 20 min at
25 °C before loading on the sucrose cushion.
Two-dimensional gel electrophoresis combined isoelectric focusing
and SDS-PAGE. For isoelectric focusing, mitochondrial protein samples
were loaded on 18 cm IPG strips pH 3–11 NL (GE healthcare) or
17 cm IPG strips pH 5–8 (Biorad). IPG gels were overlayed with the
samples in 2D buffer and rehydrated for 12 to 15 h under 50 V. Focusing
was started at 250 V for 15 min, continued by progressive voltage
increase to reach 8000 V in 8 h, run at 8000 V for up to 7.5 h and
completed at 500 V for 12 h. For the second dimension, IPG strips
were ﬁrst equilibrated for 15 min in 6 M urea, 20% (v/v) glycerol,
375 mM Tris–HCl, pH 8.8, 2% (w/v) SDS, 130 mM DTT. Equilibration
was continued for 20 min after exchanging the DTT for 135 mM
iodoacetamide and adding 0.005% (w/v) bromophenol blue. Second
dimension was regular 12% (w/v) polyacrylamide SDS-PAGE.
After two-dimensional electrophoresis, gels were directly scanned
for ﬂuorescence between the glass plates using a DIGE imager scanner
(GE healthcare) prior to silver, or colloidal Coomassie Blue G-250
staining. Data were analyzed with the PDquest 7.3 software (Biorad).
Proteins corresponding to spots of interest were digested in-gel and
the resulting peptides were analyzed bymass spectrometry for identiﬁ-
cation. In-gel digestion was according to Rabilloud et al. [49]. Gel slices
were cut out with a QuadZ215 liquid handler robot (Gilson Internation-
al). Mass measurements were carried out on a Biﬂex III MALDI-TOF
spectrophotometer (Bruker-Daltonik) used in reﬂector positive mode.
A saturated solution of α-cyano-4-hydroxycinnamic acid in 50% (v/v)
acetonitrile was used as a matrix. Mass spectra were internally calibrat-
ed with peptides coming from auto-digestion of trypsin. Monoisotopic
peptide masses were assigned and the peak list transferred through
MS BioTools™ to the search engine MASCOT (Matrix Science). Data
were searched against the NCBI non-redundant protein sequence
database.
2.10. Mitochondrial swelling assays
S. tuberosummitochondria (200 μg protein)were suspended in 1mL
of 20 mM Tris–HCl, 100 mM NH4NO3, pH 7.4 at 25 °C. Swelling was es-
timated bymeasuring the changes in the absorption of the suspension at
540nm in a spectrophotometer. The swelling ratewas tested in the pres-
ence of various effectors and expressed as theΔA540 nm/min/mg protein.
2.11. Inorganic phosphate import into plant mitochondria
To analyze phosphate transport, isolated S. tuberosummitochondria
(50 μg protein) were resuspended in 30 μL of 0.3 M sucrose, 10 mM
KH2PO4, 10 mM KCl, 5 mM MgCl2, 0.1% (w/v) BSA, pH 7.2, containing
5 μCi of [32P]Pi (900–1100 mCi/mmol, PerkinElmer). Pi uptake was
allowed to proceed for 30 min at 25 °C in the presence of different
amounts of 114 bp DNA fragment (Supplementary Fig. S1) and was
stopped by loading the medium on a 27% (w/v) sucrose, 10 mM
HEPES-KOH pH 7.2 cushion. Upon centrifugation for 10 min at
10,000 g, the radioactivity in the pellet was quantiﬁed by scintillation
counting.
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To analyze nucleotide transport, S. tuberosum mitochondria (50 μg
protein) were resuspended in 30 μL of 0.4 M sucrose, 40 mM potassium
phosphate, pH 7.0, andpreincubated at 25 °C for various times in the ab-
sence or presence of unlabeled 114 bp DNA fragment (Supplementary
Fig. S1) at 1 μM concentration. Upon addition of 100 μM of unlabeled
dCTP and 5 μCi of [α32P]dCTP (3000 Ci/mmol), the incubation was
continued for 30 min at 25 °C to allow nucleotide uptake. As for Pi
uptake, the assays were stopped by loading the medium on a 27%
(w/v) sucrose, 10mMHEPES–KOHpH7.2 cushion. Upon centrifugation
for 10 min at 10,000 g, the radioactivity in the pellet was quantiﬁed by
scintillation counting.
2.13. In vitro synthesis of tRNA transcripts
Plasmids containing theA. thaliana tRNAAla(UGC) or elongator tRNA-
Met gene sequence directly fused to a T7 RNA polymerase promoter at
the 5′-end and including a BstNI site at the 3′-end were constructed
previously [48,50]. They were linearized with BstN1 and used as
templates for in vitro transcription with a T7 RiboMAX transcription
kit (Promega). After RNA synthesis, the template DNA was digested
with DNase. Transcripts were puriﬁed by gel-ﬁltration and an
aliquot was analyzed by electrophoresis on 15% (w/v) denaturing
polyacrylamide gels.
3. Results
3.1. Outer membrane import factors in A. thaliana mitochondria
Our initial data from effector analyses implicated the voltage-
dependent anion channel (VDAC) of the outer membrane in the
transport of DNA into plant mitochondria [10]. Similarly, the VDAC
was shown to be required for tRNA uptake [20]. The involvement of
the VDAC in DNA uptake was further highlighted through effector
studies with mammalian mitochondria [11] and through genetic
analyses with mitochondria from S. cerevisiae mutants [12]. We also
established previously that trypsin or proteinase K pre-treatment of
plant or mammalian mitochondria abolished subsequent DNA import
[10,11]. Protease sensitivity of the VDAC in situwas likely to be limited
in the conditions used, which suggested that there might be further
import factors, potentially acting as DNA “receptors”, in the outer
membrane of the organelles. We thus developed a peculiar proteomic
strategy to analyze more speciﬁcally the accessible proteins of the
mitochondrial outer membrane. The principle was to label the proteins
of intactmitochondria incubated in import conditions in thepresence or
absence of DNA, with the idea that the DNA would mask putative
factors. Proteins were ﬂuorescently labeled with cyanine dyes. These
were considered for selective outer membrane labeling because
previous studies with intact cells [51–53] had suggested that cell
membranes were impermeable to cyanines.
On that basis, we ran cyanine-labeling of intact mitochondria from
A. thaliana cell suspensions or from yeast, in DNA import conditions.
After IEF/SDS-PAGE 2D gel electrophoresis and scanning of the gels, a
restricted ﬂuorescent sub-proteome was indeed characterized in
comparison with the silver or Coomassie Blue staining proﬁle that
reﬂected all mitochondrial proteins (Supplementary Fig. S2). Matching
of both images allowed recovering the proteins of interest from the
gel. These were identiﬁed by mass spectrometry. The analyses demon-
strated that we had labeled only proteins present in previously
published total mitochondrial proteomes [54,55]. However, the initial
hypothesis that cyanine dyes would be selective for the outer
membrane did not withstand the experimental observations. Whereas
part of the identiﬁed proteins could indeed be assigned to the outer
membrane, as the VDAC isoforms, cyanines proved to cross the outer
membrane and label further proteins, especially polypeptides accessiblein the intermembrane space. This was the case for instance of Tim10p or
Tim44p.
Cyanine labeling of intact A. thaliana mitochondria in import
conditions was then performed in the absence or presence of a 114 bp
DNA fragment (Supplementary Fig. S1) (Fig. 1A). Labeled proteins
were identiﬁed and the extent of ﬂuorescent labeling obtained in the
presence of DNA was compared to that of assays run without DNA
(Supplementary Table S1). Comparison of IEF/SDS-PAGE 2Dgel patterns
gave a signiﬁcant differential score to VDAC isoforms (VDAC2p and
VDAC3p) (Fig. 1B), in line with the previously observed impairment of
DNA import into plant mitochondria in the presence of VDAC effectors
[10]. A further masked protein was the precursor of the ß subunit of
the F1F0-ATP synthase (Fig. 1B). The ﬁnal destination of the nuclear-
encoded ATP synthase ß subunit is the F1 stator on the matrix side of
the inner membrane. Subunit ß is the catalytic subunit in charge of
ATP synthesis. However, the precursor was shown to undergo a
covalent modiﬁcation prior to translocation through the mitochondrial
outer membrane in plants. Both the modiﬁed and the unmodiﬁed
protein were found to be strongly associated with the mitochondrial
outer membrane [56]. It can thus be assumed that ATP synthase ß
subunit is accessible to cyanine labeling at the outer membrane level,
where it might be a partner of the VDAC and possibly bind the DNA.
Remarkably, these assays gave the highest differential score to a
polypeptide of complex I encoded by the At2G27730 nuclear gene.
This polypeptide was about 5 times more labeled in the absence of
DNA than in the presence (Fig. 1B) and appeared to be the most
intriguing candidate. We called it CuBPp. Indeed, it was described as a
copper-binding protein associated with the mitochondrial inner
membrane, but also with the tonoplast and the nucleolus [57]. In
mitochondria, it is part of the membrane arm of complex I. Its localiza-
tion within the arm is not precisely known [58]. Based on the above
observations that cyanines reach the intermembrane space, it seems
reasonable to assume that this protein is accessible to the dyes in
complex I and is labeled in situ. It is predicted to have DNA-binding
properties by the LOCtree program [59].
To further assess a potential role of the CuBPp protein in DNA
import, we developed uptake assays with mitochondria isolated from
seedlings of the corresponding A. thaliana GABI_753005 insertion
mutant and from wild-type A. thaliana Col-0 seedlings. Mutant
plants showed no developmental phenotype versus wild-type and
isolated mitochondria were similarly active in respiration tests
(Supplementary Fig. S3). CuBPp-deﬁcient and wild-type mitochon-
dria also generated the same pattern of oxidative phosphorylation
complexes and super-complexes, as analyzed by Blue Native PAGE,
and Complex I activity was not affected in the cubp mutant (Supple-
mentary Fig. S4).
Three sizes of substrate DNA were tested for uptake into mitochon-
dria from CuBP-deﬁcient and wild-type seedlings: 0.27 kb, 2.7 kb and
9.7 kb. After import and before DNase treatment, mitochondria were
either left native (taken as representative for total transport through
the outer membrane to at least the intermembrane space) or
converted to mitoplasts through rupture of the outer membrane
(taken as representative for full transport into the matrix). When
compared to wild-type organelles, total incorporation of the
0.27 kb DNA fragment into at least the intermembrane space was
decreased by about 20% for mitochondria from the Δcubp mutant,
whereas full incorporation into the matrix was impaired by 40%
(Fig. 1C and D). The decrease in mitochondrial incorporation was
more pronounced for the 2.7 kb DNA fragment (Fig. 1E and F).
Furthermore, for the large 9.7 kb substrate DNA, total incorporation
into the organelles was more than 40% lower and full translocation
into the matrix was reduced by 75% (Fig. 1G). Deletion of CuBPp thus
clearly impairs DNA transport, especially through the inner membrane.
This polypeptide appears to be a newnucleic acid import factor, strongly
required for uptake of long DNA fragments, presumably as a receptor in
the intermembrane space.
Fig. 1. DNA import factors in the outer membrane and intermembrane space of A. thaliana mitochondria. (A and B) DNA masking of candidate mitochondrial import factors. Isolated
A. thalianamitochondria (Col-0 accession) were incubated without or with a 114 bp DNA fragment (Supplementary Fig. S1) and subsequently labeled with cyanine in native conditions;
mitochondrial proteins were extracted and fractionated on IEF/SDS-PAGE 2D gels; ﬂuorescence scanning and differential analysis were performed with the Ettan DIGE imager (GE
Healthcare) and the PDquest 7.3 software (Biorad); ﬂuorescence was matched with gel staining; proteins of interest were extracted from the gels and identiﬁed by mass spectrometry;
Panel (A) shows ﬂuorescence scanning and silver staining of a 2D gel runwith the proteins frommitochondria labeledwith cyanine in the presence of DNA; the ratio of cyanine labeling in
the absence and presence of DNA is shown in Panel (B) for the signiﬁcantly masked proteins; migration of the latter is highlighted in (A); CuBP: Complex I subunit encoded by the
At2G27730 gene, ATP ß: subunit ß of theATP synthase. Import of [32P]-radiolabeled 0.27 kb (C andD), 2.7 kb (E and F), or 9.7 kb (G)DNAwas subsequently runwithmitochondria isolated
from A. thalianawild-type Col-0 seedlings, orΔcubpmutant seedlings. Upon the import step,mitochondriawere either left native or converted tomitoplasts beforeDNase treatment. Aga-
rose gel analysis of representative experiments (C and E) andquantitative analysis of several repeats (D, F andG) are displayed. AWestern blot run prior to import assays for adjustment of
organelle amounts on the basis of the VDAC content is shown in (C) (@VDAC).
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Fig. 2.DNA import factors in the outermembrane and intermembrane space of S. cerevisiaemitochondria. (A andB)DNAmaskingof candidatemitochondrial import factors. Isolated S. cerevisiae
mitochondria (W303 strain) were incubated without or with 114 bp DNA fragment and subsequently labeled with cyanine in native conditions; mitochondrial proteins were extracted and
analyzed as in Fig. 1; Panel (A) shows ﬂuorescence scanning and Coomassie Brilliant Blue G-250 staining of a 2D gel runwith the proteins frommitochondria labeled with cyanine in the pres-
ence of DNA; the ratio of cyanine labeling in the absence and presence of DNA is shown in Panel (B) for the signiﬁcantly masked proteins; migration of the latter is highlighted in (A). (C) and
(D) Import of [32P]-radiolabeled 2.3 kb plasmid was run with mitochondria isolated from the S. cerevisiae Y10000 parental strain (Par), from a Δqcr2 strain, or from a Δom14 strain. Upon the
import step, mitochondria were either left native (C) or converted tomitoplasts (D) before DNase treatment. Agarose gel analysis of representative experiments (left) and quantitative analysis
of several repeats (right) are displayed. A Western blot run prior to import assays for adjustment of organelle amounts on the basis of the VDAC content is shown in (C) (@VDAC).
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We then ran cyanine labeling of intact mitochondria from the yeast
W303 parental strain in the absence and presence of the 114 bp DNA
fragment (Supplementary Fig. S1) (Fig. 2A). As before, labeled proteins
were identiﬁed and the extent of ﬂuorescent labeling obtained in the
presence of DNA was compared to that of assays run without DNA
(Supplementary Table S2). Masking of mitochondrial proteins by the
DNA fragment was limited. Nevertheless, these assays pointed to the
VDAC1p, as could be expected, but also to Om14p (Fig. 2B). Om14p is
an abundant cysteine-rich protein of the outer membrane with an
N-terminus localizing in the cytosol and a C-terminus protruding in
the intermembrane space. Its function is unknown and it has no
counterpart in organisms other than budding yeasts [60]. DNAmasking
assays with S. cerevisiae mitochondria also highlighted subunit
2 of complex III (Qcr2p, also called Cor2p) (Fig. 2B). Qcr2p is an
extramembranous subunit that is attached to the transmembrane
domains of complex III and protrudes into the matrix [61]. Previous
proteomic work implied that the mitochondrial outer membrane in
S. cerevisiae accumulates a conserved subclass of preproteins destined
for internal mitochondrial compartments. Qcr2p (Cor2p) is part of this
subclass [62] and might thus be labeled and masked at the outer
membrane level.
Masking a putative yeast homolog of the plant CuBPp was not
expected in these assays, as S. cerevisiae mitochondria do not have a
Complex I. Instead, DNA decreased the labeling of subunit 13 (Cox13p,
also called subunit VIa) of complex IV (Fig. 2B). Cox13p is not essential
for cytochrome c oxidase activity but may modulate the activity in
response to ATP. It is anchored in the inner membrane with a domain
protruding into the intermembrane space [63], where it might be
reached by cyanines.
To establish whether the potential partners of the VDACp highlighted
by these masking data are indeed involved in organellar uptake
mechanisms, DNA import was run with mitochondria isolated from
the S. cerevisiae Y15606 and Y13370 strains disrupted for the QCR2
and the OM14 gene, respectively. We could not get valid mitochondria
from the Y17559mutant deﬁcient for the COX13 gene.Whenmitochon-
dria were left native for DNase treatment after the uptake step, import
signals were decreased for the organelles from the QCR2 (Δqcr2) and
OM14 (Δom14)mutants versusmitochondria from the Y10000 parental
strain (Fig. 2C). This was not the case when the outer membrane was
disrupted, converting mitochondria to mitoplasts, before DNase treat-
ment and ﬁnal analysis (Fig. 2D). It thus appeared that translocation
through the outer membrane towards the intermembrane space was
partially impaired in the absence of Qcr2p or Om14p, whereas the
efﬁciency of the uptake through the inner membrane towards the
matrixwas not signiﬁcantly affected. ThatQCR2mutation had no signif-
icant impact on DNA translocation through the inner membrane
(Fig. 2D) in turn indicated that our observations were representative
for the Qcr2p fraction accumulating at the outer membrane. Also to be
noted, mitochondria from both mutants showed a similar behavior in
DNA import assays, although they had different functional phenotypes.
Qcr2p-deﬁcient mitochondria were unable to respire (Supplementary
Fig. S5) and were deprived of functional complex III (Supplementary
Fig. S6). Conversely, the respiration rate and the oxidative phosphoryla-
tion complex proﬁle of Om14p-deﬁcient organelles were similar to
those of mitochondria from the parental strain (Supplementary
Figs. S6 and S7). The reduced DNA uptake into the intermembrane
space recorded in these experimentswith theΔqcr2 andΔom14mutant
organelles thus did not coincide with a given status and activity of the
mitochondrial inner membrane, in particular with a respiration
deﬁciency. Abolishment of the import through both the outer and the
inner membrane occurred in control assays run with severely compro-
mised, non-respiring organelles isolated from the S. cerevisiaeWΔM ρ0
strain deleted for the MSK1 nuclear gene encoding the mitochondrial
lysyl-tRNA synthetase [24] (Supplementary Figs. S8 and S9).Collectively, our observations support the idea that Qcr2p and Om14p
indeed interact with the exogenous DNA at the outer membrane level
and contribute to the uptake as potential partners of VDACp and/or re-
ceptors. The data also indicate that the VDAC is likely to have different
partners for DNA import in plant and yeast mitochondria.
3.3. Inner membrane import factors in plant mitochondria
After reaching the intermembrane space, nucleic acids have to cross
the tight inner membrane. In our previous assays with plant mitochon-
dria [10], DNA import was affected by effectors of the adenine nucleo-
tide translocator (ANT), the main member of the mitochondrial carrier
family [28,29] located in the inner membrane. ADP and atractyloside
inhibited the uptake, whereas bongkrekic acid stimulated the process
[10]. A series of new experiments with plant organelles further pointed
to the ANT, but also to further carriers. Similar to carboxyatractyloside,
DNA stimulated swelling of isolated plant mitochondria in NH4NO3-
containing medium (Fig. 3A). Conversely, ADP decreased the swelling
rate. Swelling in NH4NO3medium relies on diffusion into the organelles
of NH3 resulting from the equilibrium between the non-importable
NH4+ ion and NH3 + H+. Upon re-capture of a proton inside mitochon-
dria, NH3 reconstitutes the NH4+ osmoticum, promoting osmotic
pressure increase, water uptake and organelle swelling. Our results
thus indicate that ADP impaired proton leakage into mitochondria,
versus control assays, whereas DNA and carboxyatractyloside stimulat-
ed proton transfer into the organelles. ANT is themajor carrier in themi-
tochondrial inner membrane, importing ADP from the intermembrane
space and exporting the ATP generated through oxidative phosphoryla-
tion [64,65]. The process is based on the reorientation of the ANT
binding site between the matrix side (m-state) and the cytosolic side
(c-state) under the inﬂuence of substrates (ADP, ATP) or ligands
(atractyloside, carboxyatractyloside, bongkrekic acid, long chain
acyl-CoAs). It is known that the ANT is a site where ADP regulates
mitochondrial permeability to H+ and K+ ions [66]. Mobilization by
ADP reorients the ANT sites to the m-state, leading indeed to swelling
decrease [64]. Our experiments suggest that DNA may inﬂuence the
inner membrane permeability to H+ ions through a similar mechanism
but in the opposite direction. In such amodel, carboxyatractyloside and
DNAwould induce a c-state conformation of the ANT, resulting in an in-
creased permeability to H+ ions and an increased swelling. In any case,
the ANT is amajor player in the control of the basal proton conductance
of mitochondria [67]. Finally, CoA esters of long chain fatty acids are
known to have an atractyloside-like effect on isolated mitochondria
[68] and on proteoliposomes reconstituted with puriﬁed ANT [69,70].
As shown in Fig. 3B, increasing concentrations of palmitoyl-CoA drasti-
cally inhibited DNA import into isolated plant mitochondria.
To extend the analyses, we tested further nucleotide carriers and
DNA turned out to interfere with deoxyribonucleotide transport
in vitro. Running uptake of [32P]dCTP into isolated plant mitochondria
in the presence of unlabeled 114 bp DNA fragment showed a constant
inhibition of radiolabeled nucleotide incorporation versus a control
assay without DNA addition (Fig. 3C), suggesting that DNA and dCTP
were competing for translocation into plant organelles.
In mammals [71], Leishmania [72] and yeast [73], the ANT is consid-
ered to be associated with the phosphate carrier and the ATP synthase
in the ATP synthasome supercomplex [73], as ATP synthesis requires
both ADP and Pi. Notably, import of DNA into plant mitochondria is
mostly optimal in a phosphate-based buffer [10]. In this respect, we
determined whether there is any relation between DNA import and Pi
exchange. Uptake of radiolabeled [32P]Pi into plant mitochondria was
thus analyzed in DNA import conditions and in the presence of
increasing concentrations of the previously mentioned unlabeled
double-stranded DNA fragment of 114 bp (Supplementary Fig. S1). A
large increase in [32P]Pi uptake was observed with the increase in
DNA concentration (Fig. 3D). Together with the above evidence for H+
transfer, these data make the ﬁrst relation between mitochondrial
Fig. 3. Effector studies of inner membrane import factors in plant mitochondria. (A) The swelling rate of S. tuberosummitochondria in 20 mM Tris–HCl, 100 mM NH4NO3 medium was
analyzed in control conditions and in the presence of 500 μMADP, 5 μMcarboxyatractyloside (CAT) or 1 μMof a 114 bpDNA fragment (DNA). (B) Import of [32P]-radiolabeled 2.3 kb plas-
mid DNA into isolated B. oleraceamitochondria was run in the presence of 0 to 100 μM palmitoyl-CoA. (C) Isolated S. tuberosummitochondria were preincubated for 0, 1 or 2 h in DNA
import conditions in the absence (−) or presence (+) of unlabeled 114 bp DNA fragment at 1 μM concentration. After preincubation, uptake of [32P]dCTP was run for 30 min.
(D) Uptake of radiolabeled [32P]Pi into S. tuberosum mitochondria was run in the presence of increasing concentrations of unlabeled DNA fragment of 114 bp and measured after
30 min of incubation. (E) Import of [32P]-radiolabeled 2.3 kb plasmid into isolated S. tuberosummitochondria was run in the presence of 0 to 125 μMmersalyl. Mitochondria were con-
verted to mitoplasts before DNase treatment. Agarose gel analysis of a representative experiment (left) and quantitative analysis of several repeats (right) are displayed.
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plant mitochondria with radiolabeled DNA in the presence of mersalyl,
an inhibitor of the phosphate carrier, and converted the organelles to
mitoplasts before DNase digestion, so as to evaluate transport through
the inner membrane. Increasing concentrations of mersalyl strongly
inhibited DNA import, with a reproducible bounce back effect at
100 μM (Fig. 3E).
The previous [10] and present data all support the involvement of
inner membrane carriers in DNA import into plant mitochondria. The
ANT seems to have amajor, but apparently not exclusive role in the pro-
cess. The question of the complementarity or redundancy of the differ-
ent carriers is thus open, as well as the possibility of alternative routes.
As for outer membrane factors ([12] and above), we sought to use the
potential of S. cerevisiae genetics to address these issues.
3.4. DNA import and innermembrane carriers in S. cerevisiaemitochondria
In linewith the set of biochemical results obtainedwith plant organ-
elles, we analyzed the DNA import capacity of mitochondria isolated
from yeast strains mutated for ANT genes. S. cerevisiae possesses three
ANT-encoding genes, AAC1, AAC2 and AAC3, with protein identities
ranging from 73% (Aac1p versus Aac3p) to 89% (Aac2p versus Aac3p).
The Aac2p protein is the major isoform in aerobic conditions, whereasAac3p is more abundant in anaerobically grown cells. Expression of
Aac1p seems to be minor, although disruption of the AAC1 gene can
change the colony phenotype [74]. Mitochondria isolated from the
JLY-73 strain [31], disrupted for the AAC2 gene (Δaac2), showed a
DNA uptake capacity similar to that of organelles from the parental
strain W303 [30] (Fig. 4A, left and right panels). On the contrary, mito-
chondria extracted from the JL-1-3 strain [32], disrupted for the three
AAC genes (Δ3aac), showed a substantially decreased DNA import com-
petence. A similar effect (Fig. 4A,mitoplasts)was observed upon disrup-
tion of the outer membrane prior to DNase treatment of the organelles
after the uptake step, conﬁrming that the data were reﬂecting complete
import to the matrix side of the inner mitochondrial membrane. Nota-
bly, organelles from the Δaac2 and Δ3aac mutants showed a different
behavior in DNA import assays, but had a similarly impaired and
uncoupled respiration (Supplementary Fig. S10) and a pattern of oxida-
tive phosphorylation complexes similar to that of mitochondria from
the W303 parental strain (Supplementary Fig. S11). Thus, as in the ex-
periments with the Δqcr2 and Δom14 mutant organelles
(Section 3.2.), impairment of DNA uptake did not coincide with a respi-
ration deﬁciency or with a speciﬁc change in the oxidative phosphory-
lation complex pattern.
DNA import occurs in a minimal medium, without energy supply
[10–12], but we established previously that ATP in the presence of
Fig. 4. ANT isoforms and DNA import into yeast mitochondria. (A) Import of [32P]-radiolabeled 2.3 kb plasmid was run with mitochondria isolated from the S. cerevisiaeW303 parental
strain (Par), from the Δaac2 strain, or from the Δ3aac strain. Mitochondria were either left native or converted to mitoplasts before DNase treatment. (B) Import of [32P]-radiolabeled
2.3 kb plasmid was run with mitochondria isolated from the S. cerevisiaeW303 parental strain (Par), or from the Δ3aac strain in the absence or presence of 2 mM ATP/MgCl2 (ATP).
(C) Import of [32P]-radiolabeled 2.3 kb plasmid was run with mitochondria isolated from the S. cerevisiaeW303 parental strain in the presence of 0 to 10 μM carboxyatractyloside. In
each Panel, agarose gel analysis of a representative experiment (left) and quantitative analysis of several repeats (right) are displayed. A Western blot run prior to import assays for
adjustment of organelle amounts on the basis of the VDAC content is shown in (A) (@VDAC).
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[16]. This is illustrated for organelles from the parental strain W303 in
Fig. 4B (left and right panels). Remarkably, although DNA uptake into
mitochondria from theΔ3aacANT triple mutant was strongly impaired,
a stimulation of the process in the presence of ATP/MgCl2 was still
observed (Fig. 4B, left and right panels).
It appeared from these assays that onlyminor isoforms of ANT play a
role in DNA import into S. cerevisiaemitochondria. Even mitochondria
from the Δ3aac strain showed a substantially reduced, but not a
complete loss, of the DNA uptake capacity (Fig. 4A). Also contrasting
with the data from plant organelles, carboxyatractyloside, which
inhibits the main function of the ANT, had little effect on DNA uptake
into mitochondria from the yeast control strain (Fig. 4C). As a whole,
the results further support the involvement of the ANT inmitochondrial
competence, but the role of this carrier seems to be different and less
important or redundant in the yeast import pathway. Referring to the
stimulation of DNA import in the presence of ATP/MgCl2 (Fig. 4B), we
then took into account the ATP-Mg/Pi carrier encoded by the SAL1
gene in yeast. In addition to ADP/ATP exchange, the Aac2p and Aac3p
isoforms of the ANT protein play an essential role in mitotic viability
on fermentable carbon sources. The loss of this function in Δaac2
mutants causes lethality, a phenotype that can be suppressed by Sal1p
[75]. DNA import into mitochondria isolated from the Y17227 straindisrupted for the SAL1 gene (Δsal1) appeared to be impaired versus
uptake by organelles from the Y10000 parental strain, but essentially
in the presence of ATP/MgCl2, (Fig. 5A, left and right panels). Mitochon-
dria from the Δsal1 mutant had a respiration rate and a pattern of
oxidative phosphorylation complexes similar to those of organelles
from the parental strain (Supplementary Figs. S12 and S13). Still
considering adenine dinucleotides, we moved to the NAD+ carrier.
There are two forms of the NAD+ carrier in S. cerevisiae, which are
encoded by the NDT1 and NDT2 genes. The two proteins share 70%
identity. They ensure import of NAD+ into mitochondria by unidirec-
tional transport or by exchange with intramitochondrially generated
(d)AMP and (d)GMP [76]. Mitochondria isolated from the Y10246
strain, disrupted for the NDT1 gene (Δndt1), or from the Y11398 strain,
disrupted for theNDT2 gene (Δndt2), showed an important reduction in
DNA import capacity versus the Y10000 parental strain, both in the
absence and in the presence of added ATP/MgCl2 (Fig. 5B, left and
right panels). Notably, mitochondria from theΔndt1 andΔndt2mutants
also had a respiration rate and a pattern of oxidative phosphorylation
complexes similar to those of organelles from the parental strain
(Supplementary Figs. S14, S15 and S13), underlining once more that
impairment of DNA uptake was not related to respiration deﬁciency.
In line with the DNA-mediated inhibition of dCTP import observed
with plant mitochondria (Fig. 3C), we tested mitochondria from yeast
Fig. 5. Further nucleotide carriers and DNA import into yeast mitochondria. (A) Import of [32P]-radiolabeled 2.3 kb plasmid was run with mitochondria isolated from the S. cerevisiae
Y10000 parental strain (Par), or from a Δsal1 strain in the absence or presence of 2 mMATP/MgCl2 (ATP). (B) Import of [32P]-radiolabeled 2.3 kb plasmid was run with mitochondria iso-
lated from the S. cerevisiae Y10000 parental strain (Par), from a Δndt1 strain, or from aΔndt2 strain in the absence or presence of 2 mMATP/MgCl2 (ATP). (C) Import of [32P]-radiolabeled
2.3 kb plasmidwas runwithmitochondria isolated from the S. cerevisiaeY10000parental strain (Par), from aΔggc1 strain, or fromaΔrim2 strain. Upon the import step,mitochondriawere
converted tomitoplasts beforeDNase treatment. In eachPanel, agarose gel analysis of a representative experiment (left) andquantitative analysis of several repeats (right) are displayed. A
Western blot run prior to import assays for adjustment of organelle amounts on the basis of the VDAC content is shown as well in all Panels (@VDAC).
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role of the carrier encoded by the RIM2 gene in S. cerevisiae was pro-
posed to be the transport of (deoxy)pyrimidine nucleoside triphos-
phates into mitochondria in exchange for intramitochondrially
generated (deoxy)pyrimidine nucleoside monophosphates [77]. Dele-
tion of Rim2p did not signiﬁcantly affect DNA import into S. cerevisiae
mitochondria, as shownwith organelles isolated from theY23332 strain
disrupted for the RIM2 gene (Δrim2) (Fig. 5C, left and right panels).
Some discrepancy thus again appears between the yeast and plant as-
says, further suggesting differences in the mechanisms. S. cerevisiaemi-
tochondria also possess a GTP/GDP carrier that is encoded by the GGC1
gene. The physiological role of the Ggc1p protein is likely to transport
GTP into mitochondria in exchange for intramitochondrially generated
GDP [78]. Assays with mitochondria isolated from the Y13896 strain
disrupted for the GGC1 gene (Δggc1) brought no evidence for a role of
the GTP/GDP carrier in DNA import into yeast organelles (Fig. 5C, leftand right panels). As for a number of the above mutants, mitochondria
from the Δggc1 and Δrim2mutants showed an oxidative phosphoryla-
tion complex pattern similar to that of organelles from the parental
strain (Supplementary Fig. S13). Finally, as with plant organelles (Fig.
3E), increasing concentrations of mersalyl strongly inhibited DNA im-
port into mitochondria from the yeast BMA64 parental strain (Fig.
6A), potentially pointing to the phosphate carrier. S. cerevisiae possesses
two phosphate carrier-encoding genes,MIR1 and PIC2, with 40% protein
identity [33]. The DNA uptake capacity of mitochondria isolated from a
Δmir1 orΔpic2 strain, disrupted for theMIR1 or PIC2 gene,was similar to
that of organelles from the BMA64 parental strain (Fig. 6B, left and right
panels). A Δmir1/Δpic2 double deletion did not change either the DNA
import capacity of yeast mitochondria.
Taken together, genetic analyses with S. cerevisiaemutants deﬁcient
for different mitochondrial carriers gave a role only to adenine nucleo-
tide carriers in DNA uptake, whereas the phosphate carrier or carriers
Fig. 6. Phosphate carriers and DNA import into yeast mitochondria. (A) Import of [32P]-radiolabeled 2.3 kb plasmid into mitochondria isolated from the S. cerevisiaeW303 parental strain
was run in thepresence of 0 to 125 μMmersalyl. (B) Import of [32P]-radiolabeled 2.3 kb plasmidwas runwithmitochondria isolated from the S. cerevisiaeBMA64parental strain (Par), from
a Δmir1 strain, from a Δpic2 strain, or from a Δmir1/Δpic2 strain. Upon the import step, mitochondria were converted tomitoplasts before DNase treatment. Agarose gel analysis of a rep-
resentative experiment (top in Panel A, left in Panel B) and quantitative analysis of several repeats (bottom in Panel A, right in Panel B) are displayed. AWestern blot run prior to import
assays for adjustment of organelle amounts on the basis of the VDAC content is shown in Panel (B) (@VDAC).
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minor forms of the ANT appeared to contribute and with a
carboxyatractyloside-insensitive function. None of the involved carriers
proved to be essential, as AAC1/AAC2/AAC3, SAL1 or NDT1/NDT2
disruption resulted only in a decrease of the DNA import capacity.
Also striking, stimulation of the process in the presence of ATP/MgCl2
essentially remained for mutant mitochondria. These data mostly
distinguish yeast DNA uptake from the plant pathway.
3.5. DNA import and proteins involved in mitochondrial membrane
dynamics in S. cerevisiae
Considering the limited contribution of mitochondrial carriers, we
then tested a potential involvement of the membrane organization
anddynamics inDNAuptake competence in yeast. A number of proteins
supporting mitochondrial ﬁssion and fusion have been identiﬁed in
S. cerevisiae [79,80]. We payed special attention to the membrane-
anchored ﬁssion proteins Fis1p and Mdm33p. Fis1p is a tail-anchored
protein of the mitochondrial outer membrane that recruits ﬁssion
factors from the cytosol [81]. The MDM33 gene has been identiﬁed in
a mutant screen for yeast genes controlling mitochondrial distributionand morphology (MDM genes) [82]. Mdm33p is a protein anchored on
the mitochondrial inner membrane and was proposed to be involved
in ﬁssion of the mitochondrial inner membrane, although its distinct
role has not been deﬁned yet [83]. DNA incorporation intomitochondria
isolated from the S. cerevisiae Y11458 strain disrupted for the FIS1 gene
(Δﬁs1) was actually enhanced versus organelles from the Y10000
parental strain (Fig. 7A, mitochondria). No further stimulation occurred
in the presence of ATP/MgCl2. Conversely, isolated mitochondria from
the Y14229 strain, disrupted for theMDM33 gene (Δmdm33), showed
a strongly reduced DNA import capacity versus the Y10000 parental
strain (Fig. 7B, mitochondria). These observations were representative
for total transport through the outer membrane to at least the
intermembrane space. Conversion of mitochondria to mitoplasts after
the import step and prior to the DNase treatment showed that deﬁcien-
cy in Fis1p enhanced DNA transport through both membranes towards
the matrix (Fig. 7B, mitoplasts). On the contrary, depletion of Mdm33p
had no signiﬁcant effect on DNA translocation through the inner
membrane, as compared to the parental control, both in the absence
or in the presence of ATP/MgCl2 in the assay (Fig. 7B, mitoplasts).
Thus, depletion of Fis1p relaxed the permeability of both membranes
towards DNA, whereas surprisingly a deﬁciency in the inner membrane
Fig. 7.Mitochondrial ﬁssion proteins and DNA import into yeast organelles. (A) Import of
[32P]-radiolabeled 2.3 kb plasmid was run with mitochondria isolated from the
S. cerevisiae Y10000 parental strain (Par), or from aΔﬁs1 strain in the absence or presence
of 2 mM ATP/MgCl2 (ATP); (B) Import of radiolabeled 2.3 kb plasmid was run with mito-
chondria isolated from the S. cerevisiae Y10000 parental strain (Par), or from a Δmdm33
strain in the absence or presence of 2 mM ATP/MgCl2 (ATP). Upon the import step, mito-
chondria were either left native or converted to mitoplasts before DNase treatment. In
each Panel, agarose gel analysis of a representative experiment (top) and quantitative
analysis of several repeats (bottom) are displayed. AWestern blot run prior to import as-
says for adjustment of organelle amounts on the basis of the VDAC content is shown as
well in both Panels (@VDAC).
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membrane. In any case, affecting mitochondrial membrane organiza-
tion and dynamics impacts DNA uptake in S. cerevisiae.
3.6. Interplay between DNA and RNA uptake pathways
Mitochondrial DNA transport pathways are obviously diversiﬁed
and we looked for their interplay with the uptake of other nucleic
acids, in particular with the import of tRNAs [4]. For that purpose, we
ran DNA uptake assays with plant mitochondria in the presence of
in vitro synthesized tRNA transcripts. Two different transcripts were
tested: tRNAAla, which is regularly imported into plant organelles andtRNAMet, which is not shared between the cytosol and mitochondria in
plant cells [3]. Two sizes of substrate DNA were considered: 0.27 kb
and 2.7 kb. Mitochondria were converted to mitoplasts before DNase
treatment, so that the ﬁnal results reﬂected full transport to the inside
of the organelles.
When unlabeled tRNAAla transcript was introduced at a molar ratio
of 0.5 to 5.0 into mitochondrial import assays with labeled 0.27 kb
DNA, import of the DNA was actually stimulated and rose up to 200%
(Fig. 8A). This suggests that the tRNA developed some synergy and
helped to open a commonpathway sharedwith theDNA. A competition
effect leading to strong inhibition of DNA import appeared only from a
10 fold excess of tRNA transcript over the 0.27 kb DNA fragment (Fig.
8A). Interestingly, running the same assayswith a transcript of tRNAMet,
i.e. a tRNA that is not regularly imported into plant organelles, led to
comparable observations but stimulation and subsequent inhibition
of DNA import were both less efﬁcient than in the experiments with
tRNAAla transcript (Fig. 8B).
The same experiments performed with the 2.7 kb DNA fragment as
an import substrate led to strikingly different results, with a divergent
behavior of tRNAAla and tRNAMet. At a 0.5 to 5.0 molar ratio over the
DNA, the tRNAAla transcript inhibited the import of the 2.7 kb DNA frag-
ment into mitochondria, whereas no effect was detected for a ratio of
10.0 (Fig. 8C). On the contrary, the tRNAMet transcript still efﬁciently
stimulated DNA import over the whole range of concentrations tested,
with an unexpected bounce back to a neutral stage at a molar ratio of
1.0 (Fig. 8D).
As a whole, uptake of DNA into plant mitochondria appears to share
features with regular tRNA import, but the interplay is not the same
with small size fragments and with larger pieces of DNA. These assays
in turn underline the existence of different pathways for DNA uptake
into plant mitochondria, depending on the size of the substrate.
4. Discussion
Mitochondrial functions rely on speciﬁc trafﬁcking of metabolites
and macromolecules via dedicated transport pathways across the two
organellarmembranes. A limited number of gates seem to ensure trans-
location across the outermembrane,with essential roles for theVDAC in
general metabolite transport [84,85] and the TOM40 complex in protein
translocation [86,87]. Trafﬁcking across the more impermeable, polar-
ized mitochondrial inner membrane is more complex and diversiﬁed.
Whereas proteins destined for the matrix travel through the TIM23
complex [86,87], metabolites are exchanged through a whole collection
of specialized mitochondrial carriers [28,29]. The members of this
family share a common structural organizationwith six transmembrane
helices, but each of them has its preferred substrate(s). As to nucleic
acid uptake, our previous observations point to a major role of the
VDAC in the transport of DNA through the outer membrane of plant
[10], mammalian [11] and yeast [12] mitochondria. On the other hand,
initial biochemical results suggested a link of nucleic acid uptake with
the mitochondrial carrier family, as the data pointed to a putative role
of the ANT in DNA uptake through the inner membrane of plant mito-
chondria [10]. Further experiments with S. cerevisiae organelles
highlighted the presence of ANT in a putative DNA-interacting protein
complex detected uponnative electrophoretic analysis ofmitochondrial
import samples [12]. VDAC and ANTwere at that time considered as the
core of themitochondrial permeability transition pore (MPTP) in mam-
mals [88]. A similar pore involving the VDAC and the ANT was assumed
to be present in plant mitochondria [89] and we hypothesized that this
plantMPTPwould be able to accommodate nucleic acids [10]. TheMPTP
still remains the only pore-forming structure proposed to occur in the
mitochondrial inner membrane.
The present work brings further insights into the translocation of
nucleic acids through the mitochondrial membranes and adds new
factors to the scheme. The results ﬁrst of all reinforce the role of the
VDAC, which is considered as capable to provide a 3–4 nm outer
Fig. 8. Interplay between tRNA and DNA import into plant mitochondria. Import of [32P]-radiolabeled 0.27 kb (A and B), or 2.7 kb (C and D) DNA was run with isolated S. tuberosummi-
tochondria in the presence of a 0 to 10 foldmolar excess of tRNAAla transcript (A and C), or tRNAMet transcript (B andD). Upon the import step, mitochondriawere converted tomitoplasts
before DNase treatment. In each Panel, agarose gel analysis of a representative experiment (left) and quantitative analysis of several repeats (right) are displayed.
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DNA double helix [90]. For plant mitochondria, the VDAC might have
as a partner the ATP synthase ß-subunit accumulating at the outer
membrane level, as suggested by our proteomic data based on
DNA-mediated masking against cyanine labeling and by the published
protein localization information [56]. Following translocation through
the outer membrane, the DNA is potentially recruited in the intermem-
brane space by the CuBPp subunit of complex I, a possibility that is
supported by our DNA-mediated masking results and our experiments
with mitochondria from the corresponding A. thalianamutant.
As to the inner membrane, the results presented here reinforce the
involvement of the ANT in the plant mitochondrial uptake process. It
has been shown that the mammalian or fungal ANT can produce large
channels when reconstituted into proteoliposomes [91,92]. However,
that the ANT would make pores able to accommodate nucleic acids in
physiological conditions remains to be established and is not
obvious on the basis of the known structure of the mammalian protein
[93]. As to the MPTP, following gene inactivation studies in knockout
mice, it was concluded that the pore can exist in the absence of theANT1/ANT2 major isoforms in mammals [94] and the ANT was no
longer considered to form by itself the inner membrane pore of the
MPTP. Since that, the nature of the pore and the structure of the inner
membrane MPTP complex in mammals have been further debated be-
tween different groups [95–97]. As mentioned above, it was reported
inmammals [71], Leishmania [72] and yeast [73] that the ANT associates
with the ATP synthase and the phosphate carrier to generate the ATP
synthasome supercomplex. No generally accepted model has emerged
yet, but there seems to be some consensus for building the inner
membrane MPTP structure on this supercomplex. Depending on the
model, ATP synthase dimers, the c-ring of ATP synthase or conformation
changes and structural rearrangements within the supercomplex were
proposed to form the pore in mammalian mitochondria [95–97]. The
ANT and the phosphate carrier would mainly contribute to the
regulation of the pore, in particular through adenine nucleotide and Pi
exchange. Similar to the outcome of ANT1/ANT2 mutation, the MPTP
can persist upon knockdown of the phosphate carrier in mammals
[98]. As such [10], DNA import into plant mitochondria did not show
the usual characteristics of the process known as mitochondrial
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and participates in cell death [95–97]. Nevertheless, the picture emerg-
ing from our previous [10] and present data resembles the above
models and further supports the idea that nucleic acid uptake might
use the structural components of theplantMPTP. Indeed, DNA transport
through the plant mitochondrial inner membrane is sensitive to
effectors of the ANT, but also of the phosphate carrier, the ATP synthase
and the MPTP (adenine nucleotides, atractyloside, bongkrekic acid,
acyl-CoA fatty acids, oligomycin, mersalyl, Mg2+, Ca2+, Pi). In addition,
we show here that DNA promotes H+ uptake and swelling of plant
mitochondria, as well as Pi uptake, pointing for the ﬁrst time to
metabolite exchanges potentially involved in nucleic acid import. In
such a context, it can also be noted that a striking structural similarity
was reported between the F1-ATPase moiety of the mammalian
mitochondrial ATP synthase and the molecular motors involved in
DNA transport during bacterial conjugation [99,100]. However, bacteri-
al DNA-translocating molecular motors like TrwB form a hexameric
structure with a free central channel, whereas the equivalent cavity in
the mitochondrial F1-ATPase is occupied by the coiled-coil γ-subunit
[99,100]. The question as to whether the plant ATP synthase would be
able to translocate DNA can thus be asked, but such a process would
likely require important structural rearrangements.
We widely used here S. cerevisiae genetic tools to further search for
mitochondrial import factors. The results both strengthened the plant
data and highlighted a number of yeast-speciﬁc features. Proteome
and mutant analyses pointed to interesting uptake factor candidates of
the outer membrane. Recent interactome studies in yeast provided evi-
dence that VDAC1p and Om14p constitute, together with the additional
protein Om45p, the basis of an outer membrane transportome [101].
Qcr2p was among the further identiﬁed proteins that interact with
such an entity. Qcr2p was also among the candidate proteins identiﬁed
during the search for a putative DNA-interacting complex upon native
electrophoretic analysis of S. cerevisiae mitochondrial import samples
[12]. Our uptake experiments with mitochondria from the S. cerevisiae
OM14 and QCR2 mutants indeed support the concept that the
VDAC1p/Om14p/Om45p transportome ensures DNA translocation
through the mitochondrial outer membrane, with a possible contribu-
tion of Qcr2p as a partner. Whether the Cox13p, in the absence of a
Complex I, plays in yeast the same role as the CuBP protein in plant
mitochondria could not be tested but remains a valid hypothesis.
As to nucleic acid transport through the inner membrane, yeast
mitochondria also possess a counterpart of the mammalian MPTP,
generally called YMUC (yeast mitochondrial unspeciﬁc channel) [89,
102,103]. The complete composition of the YMUC is not established
yet but the participation of the ANT and the phosphate carrier is
considered [89,104], and S. cerevisiae possesses an ATP synthasome
super complex [73]. Again, the role of the former is discussed, as yeast
mitochondria depleted of ANT or phosphate carrier isoforms still carry
out permeability transition [104,105]. Beyond potential structural simi-
larities, the yeast YMUC showed a number of functional speciﬁcities in
its sensitivity to different ligands, including nucleotides [89]. As to a
parallel between DNA import and the models of the MPTP/YMUC, the
results with yeast mitochondria presented here show no signiﬁcant
sensitivity to carboxyatractyloside and no signiﬁcant impairment of
the uptake in the absence of the major isoform of the ANT or of the
phosphate carriers. Conversely, the triple ANT mutant was affected,
which indicates that the two minor isoforms of the ANT might be
required. Notably, as mentioned above, an MPTP can form in the
absence of the two major ANT isoforms in mammalian mitochondria
[94]. However, it was established that these organelles actually possess
two minor ANT isoforms [106,107] that might in turn contribute to
MPTP formation [96,108]. Analysis of the S. cerevisiae MDM33mutant
was expected to contribute further insight into the inner membrane
processes of DNA uptake competence. The model of Mdm33p shows
coiled-coil structures potentially suited for protein-protein interactions
[79]. Notably, Mdm33p can form oligomers and was detected inuncharacterized complexes of about 300 kDa [83]. Deletion of
Mdm33p actually decreased DNA translocation through the outer
membrane, underlining the putative importance of intermembrane
interactions for nucleic acid transport. Remarkably, depletion of Fis1p
facilitated DNA translocation through both the outer and the inner
membrane, possibly relieving constraints on transport systems,
enabling some membrane leakage, or favoring formation of the MPTP.
Also remarkable, ATP/MgCl2 stimulation of DNA uptake was conserved
with S. cerevisiae mitochondria lacking individual inner membrane
proteins. Conversely, stimulation was lost when the outer membrane
protein Fis1p was depleted. All these observations are consistent with
a positive role of ATP at the outer membrane level, possibly through
protein phosphorylation, as proposed previously [16].
Our DNA uptake data also point to inner membrane carriers other
than those proposed so far to take part in the MPTP, as deoxyribonucle-
otide carrier(s) in plant mitochondria or NAD+ carriers in yeast
organelles. In some way, this makes a parallel with further persisting
speculations on the nature of the MPTP. The alternate hypothesis is
still standing that any member of the mitochondrial carrier family
might be able to make a pore in appropriate conditions. As the
most abundant members of the family in the inner membrane, the
ANT and the phosphate carrier would make the majority of the
pores, but they would have no exclusivity [96]. Nucleotide carriers,
and members of the mitochondrial carrier family in general, indeed
share marked structural features [28,29]. Such a functional
redundancy would in turn be a possibility to explain why none of the
effectors and mutations that negatively affected the uptake in the
present work and in previous studies [10–12,16] was actually able to
abolish the process.
Assembling the data into a working model (Fig. 9), DNA uptake
appears to start with the VDAC and an outer membrane-located
precursor fraction of a protein normally located in the inner membrane
(the ATP synthase ß subunit for plant mitochondria, the Qcr2p subunit
of complex III for yeast organelles). In the intermembrane space, the
DNA would be recruited by the CuBPp subunit of complex I in plant
mitochondria and potentially by the Cox13p subunit of complex III in
yeast organelles. Finally, the channel-making complex that mediates
subsequent translocation through the inner membrane notably shows
the versatility of the MPTP. Important features of this model are shared
with RNA transport, as in our experiments tRNA transcripts stimulated
DNA uptake into plant mitochondria. Whether or not reﬂecting
different possibilities to form the MPTP, our results imply the existence
ofmore than one route for nucleic acid import intomitochondria. This is
supported by the fact that none of the factors highlighted seemed to be
essential. As mentioned, application of a negative effector or lack of a
putative factor only impairs DNA uptake. A. thaliana mutant studies
and assays with competitor tRNA also both point to distinct, DNA
size-dependent uptake pathways. In this respect, additional aspects of
the MPTP have been discussed. In particular, it has recently been
proposed that a potential relationship between theMPTP and themito-
chondrial protein import complexes should be investigated [102,109].
Notably, as mentioned in the Introduction, functional protein import
seems to be required for mitochondrial uptake of cytosolic tRNA-
Lys(CUU) into yeast mitochondria [23] and 5S rRNA into human
organelles [24]. Proteins and tRNAs seem to be translocated into plant
mitochondria by different pathways, but the TOM20 and TOM40
components of the outer membrane protein translocase were reported
to be important for the recruitment of the tRNAs at the surface of the
organelles [20].
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